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A numerical model was developed using the DYNA3D finite-element code. A
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to blast loading.
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hatter than steel strip reinforced walls.

This technical report is divided into two volumes. Volume I contains the
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EXECUTIVE SUMMARY

A. OBJECTIVE

The objective of this study was to investigate the response of reinforced
soil systems subjected to blast loading and to assess the feasibility of using
reinforced soil to provide blast resistance. To meet this objective, a testing
program was developed and executed to accomplish the following: (i) to establish
the properties of reinforced soil subjected to blast loading, (ii) to develap
numerical and physical modeling techniques which are appropriate for evaluating
the response of reinforced soil systems subjected to blast loading, and (iii) to
establish preliminary analysis methods which can be used for the design of
reinforced soil systems subjected to blast loading.

8. BACKGROUND

Blast-protective structures are commonly used by the United States Air Force
(USAF) and other branches of the armed forces to protect equipment, explosives,
and personnel from conventional weapons effects. These effects include high-
pressure impulse loading, projectile/fragment impact and penetration, and
cratering. Currently, these structures are constructed either as heavily-
reinforced concrete structures or as buried structures protected by a burster
slab. These protection measures are costly, time consuming to construct, and
sensitive to multiple strikes.

Soil has been used to increase the survivability of these structures by
providing a cover or barrier to reduce the shock, pressure, and impact on the
structures. However, soil berms must be built at relatively flat slopes (about
2.5 horizontal:1 vertical (2.5H:1V)) for adequate stability. Because of this,
the use of a soil cover or berm is restricted by the amount of land available for
construction and the logistics of moving large quantities cof soil to the site.

The USAF has recently expressed interest in using reinforced s0il in the
development of blast-protective structures. Reinforced soil is a composite
material made up of soil and high-tensile-strength materials such as steel or
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geogrid. Soil alone has no tensile strength, and the reinforcement strengthens
the soil by confining it and restricting movement parcliel to the reinforcement.
Incorporating reinforced soil structures in the development of biast-protective
structures can accemplish the following: (1) eliminate the use of heavily
reinforced concrete, (2) reduce volume of soil required for construction, (3)
reduce the amount of land space required, (4) reduce the construction time, (5)
simplify structural repair due to bomb damage as compared to reinforced concrete
structures, and (6) reduce initial cost of construction compared to other types

of structures.

To design blast-protective structures using reinforced soil, the dynamic
response characteristics and analytical theory of reinforcad soil subjected to
blast loading must be established. Although a substantial amount of research has
been performed in the past decade to determine the properties of reinforced soil
under static loading condition, Tittle work has been carried out to determine
reinforced soil properties or theory under blast loading conditions. Research
is therefore required to develop a better understanding of *the response of
reinforced soil to blast Toading. This report represents the first comprehensive
research effort conducted to understand the response of reinforced soil wall
systems subjected to blast loading. -

C. SCOPE

A scope of work was developed to achieve the objectives outlined in Section
A. This scope of work includes the tollowing:

e an extensive literature review for evaluation of soil and reinforced
soil response to blast loading and availability of soil constitutive
models and finite element numerical codes for analyzing reinforced soil

systems;
e development of laboratory dynamic soil testing equipment and a

laboratory testing program to cvaluate dynamic response of a reinforced
soil system subjected to blast (i.e.: impulse) loading;
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. development and utilizaticn of a numerical simulatio for analysis of
reinforced soil wall systems subjected to blast loading; and

. physical modeling of reinforced soil systems subjected to blast loading

using centrifuge modeling.

Using this technical approach makes it possibie to compare the different
analysis techniques and results, provide a quantitative assessment of the
properties of reinforced soil and reinforced suil systems subjected to blast
loading, and provide preliminary guidelines for selecting appropriate analysis
techniques for the design of reinforced soi! systems for blast protection.

D. TEST DESCRIPTION

Laboratory testing, numerical modeling and physical modeling was conducted
to study the response of reinforced soil structures subjected to blast loading.
A brief description of each test 1s presented below.

Lahoratory Tests: Laboratory strength tests were conducted on three types
of reinforcing systems: fiber-reinforced sands, geogrid-reinfoirced sands and
steel-reinforced sands. Triaxial tests were conducted on fiber-reinforced sand
to estimate the sand’s strencth properties. Static puilout tests were conducted
with both steel and geogrid reinforcement and sands under various confining
pressuras to characterize the static load-deflectior behavior of tne reinforced
soil. Cyramic puilout tests were then performed using the same parameters as the
static tests. A standard static pullout test box was modified to a dynamic load
system vy installing an impact beam, hydraulic cylinders, springs, and a tvigger
system. The system was capable ¢f loading the sample in just a few micro-saconds
to simulate a blast load. Dynamic load-deflection behavior was characterized and
compared to that obtaired from static testing.

Numerical Modeling: A numerical model was developed based on the computer
code DYNA3D, a non-iinear, three -dimensional finite-element code deveioped by
the Lawrence Livermore National Laboru ory for use in the analysis of dynamic
solid and structural mechanics problems A parametric study was conducted to
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observe the influence of several critical factors on the behavior of the
reinforced soil wall subjected to blast 1loading. These factors inctuded

reinforcement strength, reinforcement length, weapon size, and weapon lccation.

Physical Modeling: Nine 1/30th scale model reinforcad snil walls were
tested in the Air Force Civil Engineering Support Agency (AFCESA) centrifuge at
Tyndall Air Force Base, Florida. A parametric study was conducted to observe the
influence of several critical factors on the behavior of the model reinforced
soil walls subjected to blast loading. These factors ircludad reinforcement
length, reinforcement type, reinforcement width, weapon Tocation, and influence

of a roof slab on the structure.

E. CONCLUSIONS

A brief summary of results obtained from the laboratory testing, numerical
modeling, and physical modelirg portions of the study are presented below.

Laboratory Testing Results: Resultsof triaxial testingon fiber-reinfurced
sand indicate that soil strength, strain at failure and compressibility increase
and stiffness decreases as fiber content increases. Results of the pullout
testing indicate that dynamic pullout behavior of geogrid in sand, when measured
in terms of load vs. displacement, is very similar under constant normal stresc
to that observed with standard pullout rates used for static design. The dynamic
pullout tests subjected the geogrid to a stress path similar to that caused by
blast ioading.

Numerical Mecdeling Results: Results of the nrumerical modeling program
indicate that soii stiffness and friction angle significantly affect was
performarce, as does reinforcement stiffness. Reinforcement length and
so1l/reinforcement interface friction coefficient are relatively less important
parameters, provided they are kept within ncrmal ranges for static stability.

Physical Modeling: Results of the physical modeling tests indicate that
reinforcement type and width play a significent role in wall behavior. The
importance of a howrizontal constrzint along f e top of the wail (i.2., a roof
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slab) has also been demonstrated. Reproducibility of test results and cimilarity
to numerical predicticns provide evidence of the appropriateness or the
centrifuge modeling techniqua for this problem.

F. RECOMMENDATIONS

The results of limitea Tlaboratory, centrifuge modaling, and numerical
modeling tests conducted in this study indicate that statically designed
reinforced soil structures perform favorably as blast-protective structures. It
is recommended that the Air Force pursue a more comprehensive study of the use
of rainforced soil structures for blast protection with the ultimate goal of
developing design procedures and design drawings for reinforced soil structures.
Thic study should include full-scale testing, a comprzhensive series of
centrifuge tests, modifications to the numerical model, and comprehensive
numerical modeling of the centrifuge tests. Ultirately, studies should be
deveioped that investigate other weapons effects on reinforced soil structures
such as airblasts and projectile penetraticns.
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(The reversa of this page i< blank.)



PREFACE

This report was prepared by GeoSyntec Consultants, 5775 Peachtiree Dunwoody
Road, Suite 200F, Atlanta, Georgia 30342 under Contractor Number F08635-90-C-
0198 for the Air Force Civil Engineering Support Agency (AFCESA), Civil
Engineering Laboratory, 139 Barnes Drive, Tyndall Air Force Base, Florida
32403-6001.

This report summarizes work accompiished between 8 June 1990 and 30 June
1992. Captain Richard A. keid, USAF, was the AFCESA/RACS technical program
manager.

This report has been reviewed by the Public Affairs Office and is
releasable To the Natioral Technical Information Service (NTIS). At NTIS, it
will be available to the general public, including foreign nationals.

This technical report has been reviewed and is approved for publication.

/,/7 v ’/ ——LZ‘( "
. — o
W& =, 7( [ M/,Mm;
,EARD A. REID, Capc, USAF FELIX T. UHLIK III, Lt Col, USAF
roject Officer Chief, Engineering Research

- ) Divisio
’ » ps n
WILLIAM S. STRICKLAND, GM-14

Chief, Air Base Survivability
Branch

1X
(The reverse of this page is blank.)




TABLE OF CONTENTS

Section Title Page
' APPENDIX A LABORATORY TESTING . . . . . . . . . . . . . . ... .1
A. INTRODUCTION 1
B. DIRECT SHEAR TESTS e e B
C. STATIC PULLOUT TESTS . . . . . . . . . . .. .. ... .. 4
D. VERIFICATION OF THE NUMERICAL INTEGRATION METHOD . . . . . 13
E. DYNAMIC TENSILE TESTS . . . . . . . . . . . . . . . . . . .16
F. DYNAMIC PULLOUT TESTS . . . . . . . . . . . . . . . . . .29
APPENDIX B NUMERICAL MODELING . . . . . . . . . . . . . . . .. ... ..98
A. INTRODUCTION . . . . . . . . . . . . . . . . .. ... ..098
B. EXAMPLE OF INGRID INPUT FILE . . . . . . . . . . . . . . .99
C. EXAMPLE OF DYNA3D INPUT FILE . . . . . . . . . . . . . . 119
D. DEFORMED WALL GEOMETRIES . . . . . . . . . . . . . . . . 148
APPENDIX C PHYSICAL MODELING . . . . . . . . . . . . . . . . . . . . . . 163
A. INTRODUCTION . . . . . . . . . . . . . . . . . . .. .. 1le3
B. INSTRUMENT DATA . . . . . . . . . . . . . . . . . . . . . 163
C. PHOTOGRAPHS 4 03 |
X1
) ° ® ° ° ® ° ®




Figure

W N ;B W N

— b e
w rno — O W

—
F-9

15

lé

18

19

20

21

22

23

LIST OF FIGURES
Title

Direct Shear Test Results on SP Sand

Direct Shear Test Results on SW-SM Sand .

Pullout Responses of Miragrid 10T Geogrid in SP Sand
Pullout Responses of Matrex 120 Geogrid in SP Sand
Pullout Responses of Miragrid 10T Geogrid in SW-SM Sand .
Pullout Responses of Matrex 120 Geogrid in SW-SM Sand .
Pullout Responses of Tensar UX1500 Geogrid in SP Sand .
Pullout Responses of Miragrid 10T Geogrid in SP Sand
Pullout Responses of Matrex 120 Geogrid in SP Sand
Pullout Responses of Galvanized Earth in SP Sand

A Hypothetical Velocity Time History . .
Comparison of Numerical Integration and Closed- Form Solut1on
Measured Acceleration at Pulling End of Tensar UX1500
Geogrid for Test DT!

Measured Force at Fulling End of Tensar UX1500

Geogrid for Test DTl

Velocity Time History at Pu111ng End of Tensar UX1500
Geogrid for Test DT]

Displacement Time History at Pu]]xng End of Tensar JXISOO
Geogrid for Test NTI

Measured Acceleration at Pu114ng End of M1ragr1d lOT
Geoqrid for Test DT? i

Measured Force at Pulling End of Mvragrld IOT

Geogrid for Test DT2

Velocity Time History at Pul]lng Lnd of eragr1d IOT

for Test DT2 .

Displacement Time H1story at Pu111n9 End of eragr1d 101
Geogrid for Test DT2 . . _ .
Measured Acceleration at Puliing End of Matrpx 120
Geogrid for Test DT3 Coe e Co
Measured Force at Pulling End of Tensar MatrPx 120
Geogrid for Test DT3 .

Velocity Time History at Pullnnq End nf Matrex 120
Geogrid for Test DT3 .
DNisplacement Time History at Pullung End of Matrex 120
Geogrid for Test D13

X1

£

O 0 N WM

10
11
12
14
15

17

18

19

. 20

.21

23

.24

.25

. 26

.27

. 28




Figure

25

26

27

28

29

30

3]

32

35

36

37

38

39

40

41

LIST OF FIGURES
(Continued)

Title Page

Measured Acceleration at Puliing End of Tensar UX1500
Geogrid for Test DIA

Measured Force at Pulling End of 1ensar UX1500

for Test DIA

Velocity Time History at Pu111ng Fnd of Tensar UXISOO
Geogrid for Test DIA .

Displacement Time History at Pu111ng End of Tensar UX1500
Geegrid for Test DIA .

Dynamic Pullout Response of Tensar UX]SOO

Geogrid for Test DIA .
Measured Acceleration at Pu111ng End of Tensar UX1500
Geogrid for Test DIB

Measured Force at Pulling End of Tensar UXISOO

Geogrid for Test DI1B .
Velocity Time History at Pu111ng L"nd of TenSar UX1500
Geogrid for Test D18

Displacement Time History at Pu]l1ng End ot Tensar UXIbOO
Geogrid for Test DI1B .

Dynamic Pullout Response of Tensar UX1500

Geogrid for Test DIB .

Measured Acceleratinn at Pu111ng End of Tensar UXlSOO
Geogrid for Test DIC

Measured Force at Pulling End of Tensar UX 500

Geogrid for Test DIC .
Velocity Time History at Pu1]1ng End of Tensar UXISOO
Geogrid for Vest DIC . . . . .

Displacement Time History at PuT 11ng End of Tensar UX1500
Geogrid tor Test DIC

Dynamic Pullout Response of Tensar UXISOO

Geogrid for Test DIC .
Yeasured Acceleration at Pu111ng End of Tensar UXIJOO
Geogrid for Test DD

Measured Force at Pulling fnd of Tensar UXISOO

Geogrid for Test DID

xiii

. 30

. 31

. 33

. 34

. 35

. 36

. 37

. 38

. 39

. 40

. 41

. 42

. 43

. 44

. 45

. 46



Figure

42

43

44

45

46

47

48

49

50

51

52

33

54

55

56

57

58

LIST GF FIGURES
(Continued)

Title

Velocity Time History at Pulling End of Tensar UX15G0
Geogrid for Test DID

Displacement Time History at Pu111ng End of Tensar UX1500
Geogrid for Test DID .

Dynamic Pullout Response of Tensar UX1500

Geogrid for Test DID .

Dynamic Pullout Responses of Tensar UX1500

Geogrid for Test DI1A, D1B, D1C, and DID .

Measured Acceleration at Pulling End of Miragrid lOT
Geogrid for Test D2B .

Measured Force at Pulling End of M1ragr1d 10T

Geogrid for Test D2B

Velocity Time History at Pu111ng End of M1ragr1d IOT
Geogrid for Test D2B .
Displacement Time History at Pu]]wng End of M1ragr1d IOT
Geogrid for lest DZB .

Dyriamic Pullout Response of M1ragr1d 10T

Geogrid for Test D2B .

Measure Acceleration at Pulling End of eragrld lOT
Geogrid for Test D2C . .

Measured Force at Pulling End of M1ragr1d IOT

Geogrid fir Test D2C

Velocity Time History at Pu111ng End of M1ragr1d 10T
Geogrid for Test D2C .
Displacement Time History at Pu]11ng End of eragrld IOT
Geogrid for Test D2C C e e e

Dynamic Pullout Response of Miragrid 10T

Geogrid for Test D2C . . .

Dynamic Pullout Response of M1ragr1d IOl

Geogrid for Test D2A, D2B, and D2C

Measure Acceleration at Pulling End of Matrex 120
Geogrid for Test D3A .o

Measured Force at Pulling End of Matrex l°0

Geogrid for Test D3A

Xiv

Page

. 47

. 48

. 49

. 50

. 51

. 52

. 53

. 54

. 55

. 56

. 57

. 58

. 59

. 60

. 61

. 62




Figure

59

60

6l

62

63

64

65

67

68

69

70

71

72

73

74

75

LIST OF FIGURES
(Tontirued)

Title

Velocity Time History at Pulling End of Matrex 120
Geogrid for Test D3A . . .
Displacement Time History at Pu111ng End of Matrex
Geogrid for Test D3A . . .

Dynamic Pullout Response of Matrex 120

Geogrid for Test D3A

Measured Acceleration at Pulling End of Matrex 120

Geogrid for Test D3B
Measured Force at Pulling End of Matrex 120
Geogrid for Test D3B

Velocity Time History at Pu111ng Fnd of Matrex 120

Geoqgrid for Test D3B

Displacement Time History at Pu]11ng End of Matrex
Geogrid for Test D3B .. .

Dynamic Pullout Response of Matrex 170

Geogrid for Test D3B . . ..
Measured Acceleration at Pulling End of Matrex 120
Geogrid for Test D3C oo

Measured Force at Pulling End of Mdtrex 140
Geogrid for Test D3C

Velocity Time History at Pu11|ng End of Matrex 120

Geogrid for Test D3C . .
Displacement Time History at Pu111ng End oF Matrex
Geogrid for Test D3C .

Dynamic Pullout Response of Matrex 120

Geogrid for Test D3C

Measured Acceleration at Pulling [nd of Matrex 120

Geogrid for Test D3D ..
Measured Force at Pulling End of Matrex 1°O
Geogrid for Test 03D

Velocity Time History at Pu1]1ng End of Ma rex 1zo

Gecgrid for Test D3D

Displacement Time History at Pu111nq cno of Matrex

Geogrid for Test D3D

XV

120

120

120

120

Page

. 64

. 65

. 67

. 68

. 69

. 70

.71

.72

.73

. 74

. 75

. 76

.77

. 78

. 719

. 80

)



LIST OF FIGURES

(Continuad)
Figure Titie Page
76 Dynamic Pullout Response of Matrex 120 Geogrid
for Test D3D .. . .
77 Dynamic Pullout Response of Matrex 120
Geogrid for Test D3A, D3B, D3C, and D3D . . .
78 Measured Acceleration at Pulling End of Tensar leSOO
Geogrid for Test D4 . ..
79 Measured Force at Pulling End of Tensar UX1500
Geogrid for Test D4 . .. .
80 Velocity Time History at Pu111ng End of Tensar UX1500
Geogrid for Test D4 . . . .
81 Displacement Time History at Pulllng End of Tensar UXISOO
Geogrid for Test D4 . . .
82 Dynamic Pullout Response of Tensar UX1500
Geogrid for Test D4 . .
83 Measured Acceleration at Pu111ng End of M1ragr1d 10T
Geogrid for Test D5 . .
84 Measured Force at Pulling End of M1ragr1d 10T
Geogrid for Test D5 . .
85 Velocity Time History at Pu111ng Fnd of M1ragr1d 10T
Geogrid for Test D5 . ..
86 Dispiacement Time History at Pu1]1ng End of M1ragr1d lOT
Geogrid for Test D5 . .
87 Dynamic Pullout Response of eragr1d 10T
Geogrid for Te.t D5 . . .
88 Measured Acceleration at Pu:11ng End of Matrex 1“0
Geogrid for Test D6 . . ..
89 Measured Force at Puliing End of Matrex 120
Geoarid for Test D6 . ..
90 Velocity Time History at Pu111ng End of Matrex 170
Geogrid for Test D6 . .
91 Displacement Time History at Pu111ng End of Matrex 120
Geogrid for Test D6 . . ..
92 Oynamic Puilout Response of Matrex 120
Geogrid for Test D6 .
xvi




LIST OF FIGURES
{(Continued)

Figure Title Page
93 Deformed Shape of Mesh at 0.46 Seconds-
Analysis 952 (week reinforcement) . . . . . . . . . . .. . 149
94 Deformed Shape of Mesh at 0.41 Seconas-
Analysis PS3 (strong reinforcement) . . . . . . . . . . . . . 150
g5 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PS4 (short reinforcement) . . . . . . . . . . . . . 15]
96 Defcrmed Shape of Mesk at (.43 Seconds-
Analysis PS5 (no roofy . . . . . . . . . . . o .. o oo 0. 182
97 Deformed Shape of Mesh at 0.4: Seconds-
Analysis PS6 (197 1b @ 20 ft) . . . . . . . . . . . . . . . . 152
98 Deformed Shape of Mesh at 0.31 Seconds-
Analysis PS7 (500 1b @10 Ft) . . . . . . . . . . . . .. .. 154
99 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PS8 (500 Ib @20 ft) . . . . . . . . . . . . . . . . 158
100 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PS9 (500 1b @40 ft) . . . . . . . . . . . . . ... 156
101 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PS1B (weapon @ base) . . . . . . . . . . . . . ... 157
102 Deformed Shape of Mesh at 1.03 Seconds-
Analysis PSIN (no gravity) . . . . . . . . . . . .. .. . . 158
103 Deformed Shape of Mesh at 0.41 Seconds-
Analtysis PS1S (low interface friction) . . . . . . . . . . . 159
104 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PSIW (low soil stiffness) . . . . . . . . . . . . . 160
105 Deformed Shape of Mesh at 0.41 Seconds-
Analysis PIPHI (bigh soil friction angle) . . . . . . . . . . 16l
106 Deformed Shape of Mesh at 0.41 Seconds-
knalysis PSIP (3 facing panels) . . . . . . . . . . . . . . . 132
107 Acceleration-Time History: Test 1, Panel 76 . . . . . . . . . 164
108 Acceleration-Time History: Test 1, Panel M6 . . . . . . . . . 165
109 Acceleration-Time History: Test 1, Panel B6 . . . . . . . . . 166
110 Acceleration-Time History: Test 2, Panel T6 . . . . . . . . . 167
111 Acceleration-Time History: Test 2, Panel M6 . . . . . . . . . 168
112 Acceieraticn-Time Histcry: Test 2, Panel B6 . . . . . . . . . 1€9
XV i




LIST OF FIGURES

(Continued)

Figure Title Page
113 Acceleration-Time Histery: Test 3, Panel 76 . . . . . . . . . 170
114 Acceleration-Time History: Test 3, Panel M6 . . . . . . . . . 171
115 Acceleration-Time History: Test 3, Panel B6 . . . . . . . . . 172
116 Acceleration-Time History: Test 4, Panel 76 . . . . . . . . . 173
117 Acceleration-Time History: Test 4, Panel M6 . . . . . . . . . 174
118 Acceleration-Time History: Test 4, Panel BE . . . . . . . . . 175
119 Acceleration-Time History: Test 5, Panei 76 . . . . . . . . . 176
120 Acceleration-Time History: Test 5, Panel M6 . . . . . . . . . 177
121 Acceleration-Time History: Test 5, Panel B6 . . . . . . . . . 178
122 Acceleration-Time History: Test 6, Panel T6 . . . . . . . . . 179
123 Acceleration-Time History: Test 6, Panel M6 . . . . . . . . . 180
124 Acceleration-Time History: Test 6, Panel1 B6 . . . . . . . . . 181
125 Acceleration-Time History: Test 7, Panel T6 . . . . . . . . . 182
126 Acceleration-Time History: Test 7, Panel1 M6 . . . . . . . . . 183
127 Acceleration-Time History: Test 7, Panel B6 . . . . . . . . . 184
12& Acceleration-Time History: Test 8, Panet 76 . . . . . . . . . 185
129 Accelerztien-Time History: Test 8, Pancrl M6 . . . . . . . . . 186
130 Acceleration-Time History: Yest B, Panel B& . . . . . . . . . 187
131 Acceleration-Time History: Test 9, Panad 76 . . . . . . . . . 188
132 Acceleration-Time History: Test 2, Panel M6 . . . . . . . . . 189
133 Acceleration-Time History: Test 9, Panel B6 . . . . . . . . . 190
134 Voitage-Time History: Replicate Test- Gage at 2.5 in. . . . . 191
135 Voltage-Time History: Replicate Test- Gage at 3.0 in. . . . . 192
135 Voltage-Time History: Replicate Test- Gage at 4.5 in. . . . . 193
137 Voitage-Time History: Replicate Test- Gage at 5.0 in. . . . . 194
138 Voltage-Time History: Replicate Test- Gage at 7.0 in. . . . . 195
139 Veltage-Time History: Replicate Test- Gage at 8.0 in. . . . . 196
140 Voltage-Time History: Replicate Test- Gage at 8.5 in. . . . . 197
141 Voltage-Time History: Replicate Test- Gage at 9.0 in. . . . . 198
142 Pressure-Time History: Replicate Test- Gaue at 4.0 in. . . . 199
143 Pressure-Time History: Replicate Test- Gage at 8.5 in. . . . 200
144 Pluviated Base and Bracing Block . . . . . . . . . . . . . . 202
145 First Course of Facing Panels . . . . . . . . . . . . . . . . 203
146 - First Level of Reinforcement . . . . . . . . . . . . . . . . 204

xviii

° ® ° ® ) e ' °




LIST OF FIGURES

(Continued)

Figure Title Page

147 First Level of Instrumentation . . . . . . . . . . . . . . . 205
148 Second Level of Reinforcement . . . . . . . . . . . . . . . . 206
149 Second Course of Facing Panels . . . . . . . . . . . . .. . 207
150 Third Level of Reinforcement . . . . . . . . . . . . . .. . 208
151 Second Level of Instrumentation . . . . . . . . . . . . . . . 209
152 Detonator Placement . . . . . . . . . . . . . . . ... ... 20
153 Buried Detonator . . . . ., 2 8
154 Fourth Level of Re1nforcement - 4
155 Third Course of Facing Panels . . . . . . . . . . . . . . . . 213
156 Fifth Levei of Reinforcement . . . . . . . . . . . . .. .. 214
157 Third Level of Instrumentation . . . . . . . . . .. .. . . 215
158 Sixth Level of Reinforcement . . . . . . . . . . . . . ... 216
159 Completed Model .. 2
160 Model Mounted on Centr1fuge O £
161 Wired Detonator and Top Restraint . . . . . . . . . . . . . . 219
162 Berm 4
163 Test 5- Crater 2
164 Test 5- Deformed Wallt . . . . . . . . . . . . . . . ... .. 222
165 Test 1- Deformed Wall . . . . . S
166 Test 1- Close-Up of Central Na11 e e e e e e e e 224
167 Test 4- Deformed Wall . . . . . e e e e e e e e o225
166 Test 4- Compression in Steei Revnforc1ng e e e e e o ... 220
169 Test 6- Deformed Wall . . . . . . . . . . . . . . ... ... 227

X1X




APPENDIX A

|.ABORATORY TESTING

A.INTRODUCTION

This appendix contains plots of laboratory test results. The appendix is
organized as follows:

Part B presents results from direct shear tests on the SP and SW-SM
sands.

» Part C presents the results of static pullout tests on geogrids and
galvanized earth bars.

e Part D presents a verification of the numerical integration method used
to determine dynamic displacement-time histories for pullout tests.

e Part E contains results of dynamic tensile tests.

e Fart F contains results of dynamic puliout tests.

B. DIRECT-SHEAR TESTS

Figures 1 and 2 present the results of direct-shear tests conducted on the
SP and SW-SM sands, respectively.
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C. STATIC PULLOUT TESTS

Figures 3 - 10 present the vesults of static pullout tests on Miragrid 10T,
Matrex 120 and Tensar UX1500 geogrid, and galvanized earth bars in SP sand. L 4




x;

100

130
120 TEST NO. 2: MIRAGRID 10T GEOGRID IN SP SAND
N
110 — veees g, = 2.1 kPa; Dr = BO; Rate = 1 mm/min
raeee g, = 228 KPao; Dr = 80; Rate = 1 mm/min
B cwee— g, = 36,6 kPa; Dr = 80; Rate = 1 mm/min
100 — vwwan g = 71,1 kPa; Dr = 80; Rate = 1 mm/min
]
£ 90—
™~ -
=
X 80 -
8] ~
g To- P —
O ] —
v
. 60 — //
) =
O
g—)- 40 g //r-’y‘-/
1 ff)Av.fJ
30 —
20 —
10—,
j S e o S e
O T r 1T T 7T T T T T T T
0 10 20 30 40 50 €0 70 80 90
PULLOUT DISPLACEMENT (mm)
Figure 3. Pulliout Responczs of Miragrid 10T Geogrid in SP Sand.



PULLOUT FORCE (kN/m)

TEET NO.

3: MATREX 120 GEOGRID IN SP SAND

kPa; Dr
kPa; Dr
kPa; Dr
kPa; Dr
kPa; Dr

NIIIII"

(@ ENE N ]
heanp
oo~

///WN

80; Rate = ' mm/min
80; Rate = 1 mm/min
80; Rate = 1 mm,/min
80 Rote = 1 mm/min

Rate = 1 mm/min

Figure 4.

Puliout Responses of Matrex 120 Geogrid in SP Sand.

T 1 ]
30 a0 50

PULLOUT DISPLACEMENT (mm)

T

T 17T 17717 1
60 70Q aa

|
90

1

100



130
120 —
N TEST NO. 5: MIRAGRID 10T GEOGRID IN SW-SM SAND
110 —
7 sesse g, = 2.1 kPa; Dr = 75; Rate = 1 mm/min
100 —| veswe g, = 22.8 kPa; Dr = 75; Rate = 1 mm/min
_ a~ew g, = 36.6 kPg; Dr = 75; Rate = 1 mm/min
/E 30 —
\\ .q
2z
Z o] /f\
Lt -1 .
L 70— d
O - yo—
vl
60— / ~
§ o ~ / 'M//V"
;_DJ e )’//
40—: /./r/./
30 —
..*
20 -
1 » D
10_1/’/
o T T T T T T T T T T T T
¢] 10 20 30 40 50 60 70 80 90 100

PULLOUT DISPLACEMENT (mm)

Figure 5. Pullout Responses of Miragrid 10T Geogrid in SW-5M Sand.




® e A d ¢
»
¢
L
)
&
’ 1
240 \
220 — )
-4 TEST NO. 6: MATREX 120 GEOGRID IN SW—-SM SAND
200 eeses g, = 228 kPo; Dr = 75; Rate = 1 mm/min
- scaee o, = 36,6 kPa, Or = 75; Rgle = 1 mm/min
s g, = 71.1 kPa; Or = 75; Rate = 1 mm/min i
180 — ,
ré\ - R
~. 160 —
z -
w 1404 e
Q - /
S
© 120 - // ’ ®
— -
3 100 —
-
5’ —
0. 80—
| »
QMM
>
T T T T T T T T T T T
20 30 40 50 60 70 80 90 100
PULLOUT DISPLACEMENT (rmm)
»
Figure 6. Pullout Responses of Matrex 120 Geogrid in SW-SM Sand.
b
8
¥




160
TEST NO. 7: TENSAR UX1500Q0 GEOGRID IN SP SAND
140 —
_ ~eees g = 21 kPag; Dr = B0; Rate = 152 mm/min
1 sesaa g = 228 kPa; Or = 80; Rate = 152 mm/min
e g, = 36.6 kPg; Dr = 80; Rate = 152 mm/min
120 — e g = 71,1 kPag; Dr = 80; Rate = 152 mm/min
£ -
>
X 100 —
(] ] /
O
x
& 80—
[
b
<
~ 60 -
D
[a W
40 —
20 —
O T T T T T T T T T T T T _+
48] 10 20 30 40 50 60 74 80 an 100

PULLOUT DISPLACEMENT (rmm)

Figure 7. Pullout Responses of Tensar UX1500 Geogrid in SP Sand.

%)



130

120 —
- TEST NO. 8: MIRAGRID 10T GEOGRID IN SP SAND
10— seees g, = 22.B kPa; Dr = 80; Rate = 152 mm/min
scseas g, = 366 kPa; Dr = B0; Rate = 152 mm/min
100 — ~eeeas g, = 71.1 kPa; Dr = 80; Raote = 152 mm/min
€ 90— \F~/A\\\
?Z\ N AN
W .
&:) 70 - // _P/
< A /
— 60— -
8 -
=1 50 BN VA eV e NI I SN
40 — /
30 —
20 -
-
10 —
L S N R S S s AN S (L L SN S A B SN B (NS
0] 10 20 30 40 50 (310] 70 8G S0 100

PULLOUT DISPLACEMENT {(mm)

Figure 8. Pullout Responses of Miragrid 107 Geogrid in SP Sand.

10




240 7

220—} TEST NO. 9° MATREX 120 GEOGRID IN SP SAND

BO; Rale 152 mm/min

: sseosw g, = 2.1 kPa; Br = ~-
200 ~ swsna g = 228 kPa; Dr = BG; Rate = 152 mm/min
- e g, = 850.4 kPa; Dr = 80; Rate == 152 mm/min
wwpes g = 711 kPa; Dr = 8C: Rate = 152 mm/min
180 ~1 wwvrex g, = 105.6 kPqg; Dr = 80; Rate =~ 152 mm/min
G ] .~
> 180 Mﬁf\/\/
X - |
N’
L 140 —
32 .
8 120 — WWW
— -
3 100 —
= | //\.\
oD W"‘"\—JW
Qa
//‘-M\"‘*‘-——-—ﬂ‘_ —
ey
7T r-[T'yngx.x

40 56 €0 70 80 0 100
PULLOUT DISPLACEMENT (mm)

Figure 9. Pulleut Responses of Mairex 120 Geogrid in SP Sand.

—
o)




24
22 — TEST NO. 10: GALVANIZED EARTH BAR IN SP SAND
20 soee2 g, = 2.1 kPa; Dr = BO: Rate = 1 mm/min
<0 — seess g, = 36.6 kPa; Dr = BO; Rate = 1 mm/min
- 4+swe g, = 71.1 kPa; Dr ~ B80; Rate = 1 mm/min
18 —
O e
Q 16 — . \“".\_\
rd —
X
~ 14—
W
®) -7
& 12~
LL —
5 10—
8 -~ / - -
E 8 — ’ ‘\‘\‘\"-\“1“
6-.{
-
4 —
1!
2 —
p
R G (R A A (S By S s R s S et o
Q 10 20 30 40 50 6G 70 80 90

PULLOUT DISPLACEMENT (mm)

Figure 10. Pullout Responses of Galvanized Earth in 3P Sand.

12




D. VERIFICATION OF THE NUMERICAL INTEGRATION METHOD

Figure 11 presents the assumed velocity-time history used to validate the
numerical integration methed utilized for calculation of dynamic displacement-
time histories. Figure 12 presents a comparison of numerical and closed-form
integration of this velocity-time history.
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E. DYNAMIC TENSILE TESTS

Figures 13 - 24 present the results of dynamic tensile tests on Miragrid 10T, ’
Matrex 120 and Tensar UX1500 gengrid. &
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F. DYNAMIC PULLOUT TESTS

Figures 25 - 92 present the results of all dynamic pullout tests conducted
on Miragrid 10T, Matrix 120 and Tensar UX1500 geogrid.

29



ACCELERATION(m/s?)
|
3
|

]
o
o
|

TEST NO. D1A: TENSAR UX1500 GEOGRIC IN SP SAND
NORMAL STRESS 3.5 kPa

Figure 25.

1

L L L L L L P e L
S50 100 150 200 250 300 350 400 450 500

TIME (ms)

Measured Acceleration at Pulling Erd of Tensar UXi500
Geogrid for Test DIA.

30



EN
]

|

PULLOUT FORCE(kN/m)
&
11

N}
!

]

TEST NO. DiA; TENSAR UX1500 GEOGRID IN SP SAND
NORMAL STRESS<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>